Introduction
Mercury is an element that has found extensive use in industry. Because of its high toxicity, development of suitable and sensitive methods for its analysis is demanded.
Among the many different methods employed for analysis of mercury, atomic absorption spectrometry has been successfully used. Owing to the lack of inherent sensitivity of flame atomic spectrometry of mercury, the conversion of Hg(II) to elemental mercury using reducing agents, such as metal-acid or NaBH4, and sweeping this elemental mercury into a quartz tube aligned in the optical path of AAS (CV-AAS) has been widely adapted. [1] [2] [3] [4] Many inteferences have been observed from various elements; thereby the efficiency of elemental mercury production is reduced. In this method, the risk of contamination due to the high concentrations of reagents is high.
Recently, an alternative procedure that uses electrochemical reduction for spectrometric determination of many elements via conversion to their hydrides have been reported 5, 6 but no information is available on the use of this procedure for determination of mercury.
This paper describes the development of a method for analysis of mercury based on electrochemical reduction, trapping and its determination by atomic absorption spectrometry. The process of mercury vapor formation using electrochemical cold vapor generation (EC-CV) involves at least two steps: reduction of the aqueous mercury ion which is deposited as Hg onto the surface of cathode, and its removal from the cathode surface to produce the mercury cold vapor. The cold vapor evolved has been transferred in two ways: one is direct transferring into the atomizer and the other one is its collection until the evolution is completed and then its removal into the atomizer. An amalgamation medium [11] [12] [13] [14] [15] or copper, silver, gold and platinum metal are often used for this purpose 13 but there are disadvantages with these techniques. 16, 17 We used a U-tube immersed in liquid nitrogen as a collection device, avoiding the problems encountered with the use of an amalgamation method, and thus enabling lower detection limits. The use of a collector eliminated the slow electrolytic production mechanism of mercury vapor due to kinetics effects; hence the sensitivity of the method increased. Interference effects were also investigated and methods to overcome their effects are discussed.
Experimental
Reagents All chemicals were of analytical reagent grade (Merck) unless otherwise stated. Glassware and plasticware were soaked in 10% (v/v) nitric acid, rinsed with distilled water and dried before use. Stock solution (1.000 g/l) of Hg(II) was prepared from Hg(NO3)2 in 0.1 M HNO3.
Solutions of lower concentrations were prepared by appropriate dilutions immediately before their use.
A 0.2% (m/v) sodium tetrahydroborate solution was prepared daily by dissolving NaBH4 in 0.2% (m/v) sodium hydroxide solution and filtering the solution before use.
The dithizon solution was prepared by dissolving 0.1 g in 100 ml CCl4. Solutions of lower concentrations were prepared by dilution with CCl4.
Apparatus
The apparatus consists of three distinct sections ( Fig. 1 A technique for determination of mercury is described; it is based on electrolytic reduction of Hg(II) ion on a graphite cathode, the trapping of mercury vapor and its volatilization into a quartz tube aligned in the optical path of an atomic absorption spectrometer. The electrochemical cell consisted of a graphite cathode and an anode operating with constant direct current for the production of mercury atoms. A pre-activated graphite rod was used as the cathode material. The optimum conditions for electrochemical generation of mercury cold vapor (the electrolysis time and current, the flow rate, the type of electrode and electrolyte) were investigated. The characteristic electrochemical data with chemical cold vapor using NaBH4-acid were compared. The presence of cadmium(II), arsenic(III), antimony(III), selenium(IV), bismuth(III), silver(I), lead(II), lithium(I), sodium(I) and potassium(I) showed interference effects which were eliminated by suitable separation techniques. The calibration curve is linear over the range of 5 -90 ng ml -1 mercury(II). The detection limit is 2 ng ml -1 of Hg(II) and the RSD is 2.5% (n = 10) for 40 ng ml -1 . The accuracy and recovery of the method were investigated by analyzing spiked tap water and river water.
(Received September 2, 2002; Accepted January 17, 2003)
mercury vapor generator was a batch electrolytic cell consisting of a graphite rod (3 cm long and 5 mm in diameter) and a platinum coil wire (15 cm long, 1 mm in diameter) as cathode and anode, respectively. Nitrogen carrier gas is passed through the electrolytic cell and the mercury vapor is transported through sodium hydroxide as drying agent (to remove acid and water vapor) into the trap. The trap is constructed from borosilicate glass with a wide-bore arm (4 mm i.d.) immersed in liquid nitrogen; the mercury is condensed at -186˚C. The trap is heated with hot air and the volatilized mercury is swept into the quartz tube (15 cm long, i.d. 6 mm) aligned in the light path of the atomic absorption spectrophotometer (Shimadzu 670). The electrolytic cell is operated with a dc power supply (Leybold-Heraeus). The chemical cold vapor generator (C-CV) was similar in design to that of described by Arbab-Zavar et al. 10 The electrolysis cell was replaced by the cold vapor generator flask and the other parts of the apparatus are the same.
Procedure of electrochemical cold vapor generation
Cathode-pretreatment. The surface of the graphite cathode was washed with 0.1 M HNO3 and distilled water and was then anodically activated at a constant current of 2 mA in 0.1 M H2SO4 for 20 min. Analytical procedure. Fifteen milliliters of acidic solution (0.1 M H2SO4) were transferred to the electolytic cell and the carrier gas flow rate was set at 30 ml min -1 ; the trap was cooled to -186˚C by submersion into liquid nitrogen for 2 min. The graphite cathode was mounted and the cell was operated with a constant current of 40 mA. The mercury vapor that formed at the cathode was purged by the stream of N2 gas at the flow rate of 30 ml min -1 and transported into the cold trap U-tube cooled by submerging in liquid nitrogen for 1 -2 min. Following condensation of mercury at -186˚C after 5 min, the trap was heated with hot air (fan) and mercury atoms were volatilized and swept into the quartz tube whilst the absorbance of evolved mercury atoms is monitored at 253.7 nm.
Procedure of chemical cold vapor generation.
Fifteen milliliters of solution (0.2 M HCl) were transferred to the flask of cold vapor generator and the carrier gas flow was set to 30 ml min -1 . The optimum condition was according to Ref. 10 . With injecting of 1 ml NaBH4 into the flask, the mercury cold vapor was produced and removed by N2 gas into the trap (immersed in liquid nitrogen). After 60 s the trap was heated with hot air and mercury vapor was swept into the quarz tube aligned in the light path of the atomic absorption spectrometer and its absorbance was measured.
Results and Discussion

Electrodes and electrolytes
The electrodes must be made of material that would not corrode or contaminate the solution under the applied potential. The electrolytes used must be inert electrolytes for increasing electrical conduction of the cell. The electrolyte should not interfere with mercury vapor generation and also should not corrode the electrode under the applied potential. The shiny wires of Pb, Ag and Pt and graphite rods (3 cm long, 5 mm i.d.) were used as cathode materials; graphite rods showed the best performance. It was found that the anodic activation of graphite electrode in acidic media increased both the sensitivity and reproducibility of the results. Anodic activation of the graphite in acidic media produced a layer of graphite oxide on the electrode surface. 7, 8 The electrode activation was carried out as described by Arbab-Zavar and Hashemi. 9 Several acids such as HCl, HNO3 and H2SO4 were examined as the cell electrolytes. When using HNO3, the efficiency of the mercury generation was zero and NO3 -acted as cathodic depolarizer, preventing the evolution of the mercury atoms. The effect of HNO3 on chemical hydride generation is also well known. 18 With HCl, probably the formation of mercury chloro compounds prevents evolution of mercury vapor. The best results were found with only H2SO4 over the concentration range of 0.1 -1 M acid.
Cell current and electrolysis time
The cell current and electrolysis time showed effects on the absorbance. The effects of cell current on the absorbance of 40 ng ml -1 mercury were investigated when an electrolysis time of 10 min was used. The result is shown in Fig. 2a mercury vapor generation at the electrode surface. However, this system uses a relativly low current for the mercury vapor generation. The effect of the electrolysis time was investigated with a current of 40 mA (Fig. 2b) . It was found that an electrolysis time of 5 min was sufficient to obtain the maximum sensitivity.
Effect of the carrier gas (N2) flow rate and sample volume
In order to investigate the effect of nitrogen carrier gas flow rate on the instrumental sensitivity, the nitrogen flow was varied from 10 to 50 ml min -1 and the signal for 40 ng ml -1 mercury was monitored (Fig. 3) . The optimum flow rate was found to be 30 ml min -1 .
The effect of sample volume was investigated in the range of 5 -20 ml. Volumes higher than 10 ml have no effect on the efficiency of mercury vapor generation while use of lower volumes decreased efficiency of the EC-CV generation, due to less contact of cathode surface with the solution. These findings correspond to the results of Hung et al. in electrochemical hydride generation. 19 
Optimized condition
The following conditions were considered to give optimum instrument response: nitrogen flow rate, 30 ml min -1 ; cell current, 40 mA; sulfuric acid concentration, 0.1 mol l -1 ; and electrolysis time, 5 min. The calibration curve is linear over the range of 5 -90 µg ml -1 of mercury (Fig. 4) . Based on three times of the standard deviation of 10 blank measurments, the detection limit of the tecniques is approximately 2 ng ml -1 of mercury(II). Reproducibility was studied by the replicate analysis of 10 standards containing 40 ng ml -1 of mercury (Table 1) .
Interferences
The possibility of interference effects was assessed by analysis of 40 ng ml -1 mercury(II) solution in the presence of 40 µg ml -1 excess of foreign ions. The results of these analyses are presented in Table 1 .
One of the mechanisms proposed for transition metal ions interference in NaBH4-CV (C-CV) is that the ions are reduced to finely dispersed metallic particles which remain in solution or become deposited within the system and subsequently may decompose or capture the cold vapor. It is possible the same interference mechanism may also occur in the EC-CV system. The interferences of Ag + , Pb 2+ , Cd 2+ , Li + , Na + , K + , Sb 3+ , Se 4+ , Bi 3+ are due to an electrolysis process which decreased the current efficiency for mercury atoms generation and also the depositions of these ions on the cathode surface. Such a deposit of metal would change the physico-chemical surface characteristics of the cathode for electrochemical cold vapor generation and would lower the efficiency of vapor generation, probably because of the formation of metal-mercury amalgam, the favorable nature of the electrode for generation of atomic vapor would be destroyed. This is in complete conformity with the observation that no mercury vapor can be produced on the graphite cathode until the deposited metal was removed electrochemically. As 3+ showed an interference effect which could be due to the reduction of this ion to hydride under the experimental conditions. An absorption signal is seen at 253.7 nm.
The inteferences of Ag + , Pb 2+ , Se 4+ , Sb 3+ , As 3+ and Bi 3+ ions have been also observed in chemical reduction with NaBH4. However Cu 2+ , Ni 2+ and Co 2+ which have severe interferences on the chemical reduction process, did not interfere in this method.
The seperation of interfering ions was found to be useful to overcome their interferences. For example, the mercury(II) can be extracted from the sample solution in 0.2 M Cl at pH = 2 with 0.001% dithizon (diphenylditiocarbazone) in CCl4 prior to EC-CV process. The other separation methods such as electroseparation with controlled-cathode potential can be also used, and they are the subject of further research projects.
Application to water analysis
Since there are no interference from major constituents of the water sample in the level considered, and since other interferents such as Ag + , Pb 2+ , Se 4+ , Sb 3+ , As 3+ seldom occur at significant levels in these samples, this method is specially suitable for water analysis by a simple standard calibration. In order to demonstrate the reliability and recovery of the proposed method spiked, tap-water and river-water collected from the city 745 ANALYTICAL SCIENCES MAY 2003, VOL. 19 Fig. 3 The effect of N2 gas flow rate on the measured absorbance of 40 ppb Hg(II). All other conditions are as in Fig. 2 . Table 3 . The results show recovery for mercury determination.
Conclusion
The optimized conditions have been developed for determination of mercury by electrochemical cold vapor atomic absorption spectrometry. The electrochemical cell consisted of a graphite rod cathode and a Pt anode with the same electrolyte sample and the cell was operated at a relatively low current. The mercury atoms generated at the cathode are swept into the liquid nitrogen trap for preconcentration to obtain higher sensitivity and lower detection limit. Several ions have been found to influence the efficiency of mercury cold vapor generation. The deposition of interfering ions on the cathode, which destroyed the favorable nature of the surface cathode for the mercury generation, resulted in lowing its efficiency of mercury generation and hence causes depression of the results. Extraction of interfering ions as dethizonate offers a good method for overcoming their interferences. As compared with chemical cold vapor using NaBH4 (Table  2) , EC-CV produced the same precision and sensitivity but the detection limit and dynamic range of calibration graph were improved. 
